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Abstract—  With power consumption becoming an increas-
ingly important factor, it is necessaryto reevaluate tradi-
tional, power-intensive, architectural techniquesand their relative
performance bene ts. We believe that combined architecture-
compiler efforts open up new and ef cient ways to retain the
performance bene ts of modem architectures while addressing
their power impact.

In this paper, we presentCool-Fetch, an architecture-compiler
basedapproach to reduceenergy consumptionin the processor
While we mainly target the fetch unit, an important side-effect
of our approachis that we obtain enemgy savings in many other
parts of the processarThe explanationis that the fetch unit often
runs substantially ahead of execution,bringing in instructions to
different stagesin the processorthat may never be executed.
We have found that although the degree of Instruction Level
Parallelism (ILP) of a program tends to vary over time, it can
be statically estimated by the compiler. Our Instructions Per
Clock (IPC) estimation schemeusesmonotonic data o w analysis
and simple heuristics, to guide a fetch-throttling mechanism.
We develop the necessaryarchitecture support and include its
power overhead. Using Mediabenchand SPEC2000applications,
we obtain up to 15% total enelgy savings in the processor
with generally little performance degradation. We also provide
a comparison of Cool-Fetch with previously proposedhardware-
only dynamic fetch-throttling schemes.

I. INTRODUCTION

For modern processorsthe rate of increasein power
and enepgy dissipationis greaterthan that of performance.
Processorsare also increasinglyusedin enegy-constrained
battery-pavered applications.This has forced designersto
reformulatetheir optimizationcriteria: power and enegy are
complementingperformanceas additional design goals. In
this paperwe presenta new frameawork to addresschip-wide
power reductionin processordy leveragingstaticinformation
speculatrely. This frameawvork is basedon tight cooperation
and integration betweencompilerand architecture.

Speci cally, we examinecompilerdriven staticapproaches
for increasecenepy ef ciency with only minor performance
degradation Our approachs basedon the staticestimationof
the rate of instructionsper clock (IPC) which is a measure
of instructionlevel parallelism(ILP). Most currentdynamic
architecturabnepgy savingsmethodsdependn analyzingpast
ILP behaior to estimatefuture ILP. In contrastwe usestatic
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informationaboutthe future ILP thatis inherentlyembedded
in the program.To the bestof our knowledge,this is the rst
work that usescompilerdriven static-onlyIPC estimationfor
Out-of-Order (OOO0), superscalaiprocessorenegy sa/ings.
Our contributionsin this paperare:

We develop a compilerdriven static IPC estimation
schemethat is basedon dependencé¢estingand simple
heuristicsin compiler baclends. This information pro-
vides an estimatefor the upperboundof available ILP.
We usethis estimationschemeto drive our ne-grained
fetch-throttling enegy-saving heuristic. We have exper
imented with a variety of architecturalcon gurations
using multimediaand Spec2000benchmarksWe obtain
up to 15% chipwideenegy savingsin the processowith
generallylittle performancedegradation.

We comparethe enegy and performanceaspectsof the
architectural-compiletevel Cool-Fetchwith previously-
proposedminroarchitectural-onlyetch-throttlingmecha-
nisms.

We investigatewhetherdynamic factors such as cache
misses,branch prediction, instruction window size and
pipeline depth could dilute the ef ciency of our static
IPC-estimation-basdueuristic.For thetestcaseswe nd
suchefciency variationto be small.

The compilerdriven IPC estimationapproachcoupled with
fetch-throttling forms the Cool-Fetch framework. Various
microarchitectural-teel front-end mechanismsexist for pro-
cessompower savings[4, [6], [17], [21]. In comparisonCool-
Fetch exploits the close coupling betweenthe compiler and
microarchitecturalevels.

The restof this paperis organizedasfollows. In Sectionll,
we perform an enegy audit to see which blocks in the
processoiconsumethe mostenegy. We usethis information
to targetthoseblocksfor enegy savings. Sectionlll discusses
compilerandarchitecturalmplementationssuegelatedto our
IPC estimationand enegy savings schemefollowed by the
experimentalsetup.The resultsare presentedn SectionlV.
In SectionV, we discussrelatedwork and commenton its
relevanceto this paper We concludein SectionVI with a
brief discussion.



Il. MOTIVATION

Paver andenegy are crucial designparametersot only at
the device-level but at the architecturaland compilerlevels as
well. Let us explore the architecturalevel rst. To determine
which processomblocks are going to be major power drains
and therebychoosewhich sectionsof the processoto apply
our enegy saving methodsto, we conducteda preliminary
study We analyzedthe percentageof enegy contribution
of differentblocks for three architecturalcon gurations.See
Figurel. Following [5], we assuméhatthe clock consumes
constantatio of the power acrossghe component®f the chip.
The resultsshav the averagefor 8 multimedia applications
from the Mediabenchsuite. The details of the benchmarks
are explained in Section IV-A. We scale every resource
accordingly;the rst con gurationis a simplesingle-issuén-
ordermachinethe seconds an8-way OOO con gurationand
the third is a 32-way machine.The last con guration, while
impractical givesanideaof the power distributionif onewere
to have essentiallyunlimited resourcesWe includethis asan
asymptoticcase.Note that the fetch- and issue-relatedogic,
the L1 data cacheand the ALUs becomedominantas the
compleity of thearchitecturds increasedTheseresultsagree
with the ndings in Zyubanand Kogges study[29].

We now considerthe compiler layer In Figure 2, we
present snapshofrom the executionpro le of the Spec2000
application equale. The plot shavs the actual IPC against
our compilerdriven static IPC estimationas averagedover
windows of 100 cycles each.Basedon this gure, estimated
IPC provides a reasonablyaccurateestimateof actual IPC
and we are therefore,motivatedto use the static estimation
for enegy savings by throttling resourcesvhenthey are not
needed.We devote the rest of the paperto exploring and
explaining this scheme.

I11. IPC-ESTIMATION IMPLEMENTATION

We usea staticapproactto IPC estimationlt is sufciently
accurateand it is easyto implement,extend and retune.In
our implementationwe only considertrue datadependencies
(Read-AfterWrite or RAW) to checkif instructionsdepend
on eachother As mentionedn [19], a majorlimitation of in-
creasindLP is thepresencef true datadependencieJuneet
al. [25] alsoremarkthatthebottleneckfor mary workloadson
currentprocessorss true dependenciem the code.Although
the impactof true dependenciesan be mitigatedthroughthe
useof value speculationthe enegy overheadof value spec-
ulation hardware hasbeenfound to be prohibitively high [8].
However, notethatthe compilerdriven Cool-Fetchframenork
is equallyapplicableto anarchitecturewith valuespeculation,
only the compilerlevel passeseedto be replaced.Another
issuethat needsto be discusseds the impactof the Out-of-
Orderarchitectureon loop-level parallelism.Intuitively, if the
instruction window is large enough,intructions acrossloop
iterationscould be scheduledout-of-ordercreatingan effect
thatis similar to softwarepipelining,whichis notyet captured
in our compilationframavork. Here, we considera standard,
non value speculatingDOO architecturein our experiments.
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Fig. 2. Estimatedversusactual IPC for the equale Spec2000 application.
Eachpoint on the x-axis is an averageof 100 cycles.

For this architecturalcon guration, antidependencie@/Nrite-
After-Read or WAR) or output dependenciegWrite-After-
Write or WAW) could be eliminatedby registerrenaming put
evenin nite resourcexannoteliminatetrue dependencies.

It is also possibleto handle false dependenciesn the
compilerpassesthis would be a viable optionif the processor
were severely constrainedn its register renamingresources.
However, contemporaryprocessorausually have enoughre-
sourcego eliminatemostfalsedependencieg\notherpossible
use for compilerdriven ILP estimationcould be the static
analysisand determinatiorof the FunctionalUnit (FU) needs
of the application.A back-endenegy-saving heuristicwould
then dynamically turn off unnecessaryUs such as ALUs
during statically predictedperiodsof low-FU usage.In this
work, we have enoughFU resourcedn our baselineso this
does not becomeone of the ILP limiting bottlenecks.Of
course,there are other dynamic, factorsthat in uence IPC,
suchasbranchpredictionandcachemissesFor our testcases,
we foundthatthe impactof thosedynamiccomponent®n the
ef ciency of our static-onlyapproachis actually smallerthan
we expected.

A. CompilerLevel Implementation

We statically determinetrue data dependenciesising an
assembly-codtevel datadependeng analysis.The advantage
of doingthe analysisat this level insteadof at the sourcecode
level is thattheinstructionlevel parallelismis fully exposedat
the assemblycode layer Our post-r@ister allocationscheme



usesmonotonadata o w analysis similar to [3]. However, our
schemehastwo importantdistinctions: rst, we usemonotone
data o w analysisto identify the datadependenciesiot for
instruction scheduling.Second,our method is speculatie,
whereas[3] requirescompletecorrectnessWe identify data
dependencieat both registersand memoryaccesseRajister
analysisis straightforvard: the read and written registers
in an instruction can be establishedeasily since registers
do not have aliases.The determinationof reachingusesis
achieved using the well-known algorithm in [2]. However,
for memory accessesthis is not the case and there are
threeimplementatiorchoicesno aliasanalysiscompletealias
analysis,or alias analysisby instructioninspection.No alias
analysisis too speculatie for IPC estimation:it assumes
that a memory load instruction is always dependenton a
precedingstoreinstruction. This modelwould apply if there
were no load/storequeuesor multiple memory ports in the
processobut modernout-of-orderarchitecturesare typically
equippedwith thoseresourcesAnotheralternatve is doingfull
alias analysis althoughit requiresconsiderableoverheadto
implement this optionwould ensurefull correctnessStill, we
have foundthatour approximatendspeculatie alias analysis
by instructioninspectionprovideseaseof implementatiorand
sufcient accurag. In this scheme,we distinguish between
different classesof memoryaccessesuchas static or global
memory stackand heap.We also considerindexed accesses
by analyzingthe baseregister and offset valuesto determine
if different memory accessesre referenced.If this is the
case,we do not considerthis pair of read-afteiwrite memory
accesseastruedependenciedVe follow with a moredetailed
descriptionof the implementation.

We use SUIF/Machsuifas our compiler framework. SUIF
malkes high-level passeswhile Machsuif makes machine-
speci ¢ optimizations. The nal Machsuif pass produces
Alpha assembly We addednewn passesto both SUIF and
Machsuifto annotateand propagatehe staticIPC-estimation:
see Figure 3. We use the available compiler passesand
optimizationsin SUIF for aggressie extraction of ILP. Our
IPC-estimations at the loop level: loop beginningsand ends
sene as naturalboundariedor the estimation.Therefore we
needto annotatethe beginning and end of every loop. The
loop annotationpassaccomplisheshis: the high-level passis
invoked immediatelyafter we corvert sourcecodeinto SUIF
intermediateformat and link and memge the varioussources.
Therefore this passworks with expressiortreesandtraverses
the structuredcontrol o w graph(CFG) of eachroutine.

The other added pass, the IPC-estimationpass, is an
assemblefevel MachSuifpassthatis run just prior to assem-
bler code generation.This way, we guaranteethat no com-
piler level optimizationssuchasinstructionschedulingwhich
might resultin instructionsbeing moved and/ormodi ed, are
performedafterourpassAs mentionedhbove, weidentify true
datadependencieat memoryandregisteraccessems the lPC-
estimationpass.The passis over the linear instructionlist of
eachroutine: seeAlgorithm 1. The algorithmexamineseach
routine and passeghe routine as an argumentto the function
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Fig. 3. Compiler o w diagram,our addedcompilerpassesare on the right.

Algorithm 1 The IPC EstimationAlgorithm
for eachroutine do
Call Traverselnst(routine);
end for
[* For eachroutine,traverselinear instructionlist */
Traverselnst(input)
treeList=expTree(input);/* recastinput asa linear instruc-
tion list */
initialize dependenylList;
while !empty(treeList.instr)do
ipcCount++;
if treeList.instris write then
addtreeList.instwrittenltemto dependeng.ist
end if
if treeList.instris read then
while !empty(dependent.ist) do
if treeList.instrreadltemin dependeng_ist then
insert Annotate(estimatedlpc,ipcCount);
ipcCount=0;
initialize dependenylList;
end if
end while
end if
if treelList.instis loopBegin or loopEndthen
insert Annotate(estimatedlpc,ipcCount);
ipcCount=0;
initialize dependenyl ist;
end if
treeList.instr=treeList.ne;
end while

Traverselnst The function expTree in Traverselnst recasts
the routine as a linear instructionlist. The instructionlist is
thentraversedin instructionorder and true dependencieare
annotatedThusthe routineis divided into annotationblocks.
Eachblock carriesa uniqueannotationn the beginning of the
block, whichis simply a countof theinstructionsin the block.
Wheneer we comeacrossa true datadependeng we endthe
block. All theinstructionsin the block exceptthe lastonecan
potentiallybe issuedin the samecycle. Note thatwe alsoend
our estimationblock at the beginning and end of eachloop.
This implicitly constitutesa simple static branch prediction
mechanismBy terminatingthe IPC-estimationblock at the
loop boundarieswe assumethat the loop branchis likely to



be taken.

B. Architectual-Level Implementation

After the compilerpasses,we use an assemblerlevel
passto nd every IPC-estimationannotation, and insert
a marler instruction with the associatedlPC number for
each.The Alpha assemblymarker instruction bis is an xor
operation with the rst source and the destination being
the zero-rgister ($31), and the secondsource being the
IPC-estimationWe exhaustvely checled all our benchmarks
by doing a disassembly(to check systeminsertedcode as
well): we were not able to nd ary naturally occurring
instructionthat xorsthe zeroregisterwith animmediatevalue
andsavestheresultin the zeroregisteragain.

An importantdistinction betweenCool-Fetchand dynamic
architectural-lgel throttling schemesis that the throttling
decisionis made statically by the compiler in Cool-Fetch.
A nal passexamineseach marker instruction and if the
IPC-estimationis belonv a threshold,it inserts a throttling
ag at that point. It is this throttling ag, not the marler
instruction,thatis passedo the hardwarelayer.

Note that the ag requiresonly a single bit. If enough
exibility existsin the ISA of the target processarthen the
ag canbe inserteddirectly into the instructionseliminating
the needfor a specialinstruction. In our experiments,we
take this approachand also considerthe additional power
dissipationstemmingfrom this extension:see Sectionlll-C.
If thereis not enough e xibility in the ISA, then special
throttling ag instructionsshould be added.This may raise
the questionof increasedcode size due to the additional
instructions.Although we do not implementthis model, we
include an analysisof worst-casecode size increasedue to
this approach:.we assumethat every IPC-estimationmarlker
resultsin a throttling hint. This is unrealisticbut gives an
upperbound.AcrossMediabenchand Spec200(pplications,
this boundis modestat 5.1% averagecodesize increase.

For the purposesof this work we have chosena ne-
granularity front-end fetch-throttling scheme.However, the
compilerdirected approachis amenableto back-endenegy
optimization schemesas well. The fetch-throttling scheme
latchesthe compilersupplied throttling ag at the decode
stage.If the ag is set, i.e., the estimatedIPC is belov a
certain threshold,then the fetch stageis throttled and new
instructionfetchis stoppedfor a speci ed durationof cycles.
The rationaleis that frequenttrue data dependenciesvhich
are at the core of our IPC-estimationschemewill causethe
issueto stall. Therefore the fetch could be throttledto relieve
the I-cache and fetch/issuequeuesand thereby save power
without paying a high performancepenalty In Cool-Fetch
the decisionto throttle the fetch is taken by the compiler
and thereforethe throttling thresholdcould be retunedto a
different value dependingon the contet. By comparison,
the throttling thresholdvalue is committedto hardware in
architectural-onlymethodsand is therefore x ed. We have
done extensve experimentsto determinethe thresholdvalue
and the duration. The results suggestedhat a thresholdof

2 and duration of 1 is the best choice. That is, we stop
instruction fetch for 1 cycle when we encounteran IPC
estimationthat is at most 2. We include the architectural
implementationof our enegy saving heuristicin Figure 4.
Here,whenthe throttling ag is set, GATEH is assertedand
the fetch stageis throttled by usinga clock gater To prevent
glitches, a low-setup clock gateris used which allows the
quali er to be assertedip to 400psafterthe rising clock edge
without producinga pulse [13].

We preferreda ne-grained heuristicover a coarse-grained
one. Coarse-grainedheuristics usually average available
ILP-information over a large number of cycles, which can
lead to loss of accurag. ConsiderFigure 5, where a slice
of the Epic multimedia benchmarkis shovn. The y-axis
denotesthe actual IPC as averaged over 10,000 (coarser
granularity)and 500 (comparatiely ner granularity)cycles.
It is evidentthat a coarsergranularityschemewould be less
accuratethan one using a comparatrely ner granularity
scheme.However, we should note that our compilerlayer
IPC estimationframavork would work equally well with a
coarsegranularityschemeas well.
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C. Architectural SimulatorSetup

The baseline architecturere ects the state-of-the-artin
currentprocessodesignsTablel containsa descriptionof the
baselineparametersThe trendis towardswider issue:Henry
et al. [11] proposenovel circuits that scaleto 8-way issue;
they also presentresultsfor a 128-entryissue/reordebuffer.
An actualimplementationof a large instructionqueueis the
1.8GHz64-entryinstructionwindow buffer by Leenstraet al.
[16]. Basedon the precedinganalysis,we selectedan 8-wide
issue,128entryinstructionqueueasour baselineNotethatthe
Cool-fetchbaselineincludesthe throttling logic block which
we explainedin SectionllI-B.

ProcessoSpeed 1.5GHz
ProcessParameters 0.18 m, 2V
Issue Out-of-order
Fetch,Issue,Decode,Commit | 8-way
FetchQueueSize 32
InstructionQueueSize 128

BranchPrediction

Int. FunctionalUnits
FP FunctionalUnits
L1 D-cache

L1 I-cache
CombinedL2 cache
L2 cachehit time
Main memoryhit time

2K entry bimodal

4 ALUs, 1Mult./Div.

4 ALUs, 1Mult./Div.
128Kb, 4-way, writeback
128Kb, 4-way, writeback
1Mb, 4-way associatie
20 cycles

100 cycles

TABLE |
BASELINE PARAMETERS.

We useWattch([7] to runthebinariesandcollectthe enegy
results.Wattch is basedon the Simplescalaf9] framework.
Our baselineprocessorcon guration has 128 entriesin its
instructionqueue thereforewe usea 128 elementRUU (Reg-
ister Update Unit). The RUU includesthe instruction queue
as well as the physicalregister les and the reorderbuffer.
We usea sizeof 64 for the Load-StoreQueue(LSQ). We run
our baselineapplicationwithout ary annotationandcompare
this againstthe IPC estimatedversion.Simplescalahasbeen
modi ed to recognizethe compilergeneratedhrottling ag.
In Wattch, we use the actvity-sensitve power model with
aggressie conditionalclocking. The rationalefor this choice
is to compareour fetch-throttlingframewnork to an unthrottled
baselinghatis alreadypower-ef cient. Wattchcanbe retuned
for state-of-the-arttechnology scaling parameterswe use
a 0.18 m, 1.5Ghz, 2V process.We extendedthe power
dissipationmodelin Wattch so that it accountsfor the extra
power overheaddueto the 1-bit throttling ag eld decoding
in the dispatchstage.

To extractthe maximumavailablelLP andthereforeachieve
higher IPC, somecontemporarywide-issueprocessodesigns
suchasthe AMD AthlonXP [1] useshortpipelines;we take a
similar approachandusethe default 5-stagepipelinestructure
in our architecturakimulator(fetch, dispatchor decodejssue,
writeback, commit) as the baseline.However, other recent
competingprocessoraise deeperpipelinesto achiese higher
clock rates at the expenseof IPC. Examplesof theseare
the 20-stagelntel Pentium4 [12] and the 12-stageAMD

Hammer [28]. Therefore,we also model and analyzethe
impact of a deeperll-stagepipeline (2 fetch, 4 decode,2
issue 2 writeback,1 commitstages)n our sensitvity analysis.
The Simplescalampipeline stagesare extendedfrom 5 to 11
anda branchpenaltyof 10 cyclesis assumedor this analysis.
We alsoextendedthe Wattch power modelsto accountfor the
addition of extra pipeline stages.

IV. EXPERIMENTS
A. Bendhimarks

We usethe Mediabench[1pand SpecCPU2000[24 bench-
marks in our experiments. We select eight applications
from each suite: adpcm, epic, g721, gsm, jpeg, mesa,
mpey, rastafrom Mediabenchand bzip2, gap, mcf, parser
vpr, ammp, art, equalke from Spec2000.0f the Spec2000
suite, ve (bzip2,gap,mcf,parsgpr) are Integer, while three
(ammp,art,equa¥ are Floating Point benchmarksWe run
all Mediabenchapplicationsto completion. For the Spec
CPU2000benchmarksve skip pasttheinitialization stageand
simulatethe next 1 billion instructionsusing the reference
input set. To skip, we fast-forward by the numberof instruc-
tions asprescribecby Sairet al. [22] in their SpecCPU2000
initialization segmentanalysisif the prescribechumberis less
than1 billion, we fast-forward by 1 billion instructions.

B. BaselineResults

We rst presentour results for the baseline case. See
Figure 6a for the Spec 2000 applications.For the Spec
2000benchmarksn this architecturalkcon guration, compiler
IPC-estimationdriven front-end throttling yields excellent
results:on the average,we get 8% processotenegy savings
with a performancedegradationof 1.4%.As shavn in Figure
6b, for the Mediabenchapplicationswe get 11.3% average
enegy savings, however this comesat the price of an average
4.9% performancedegradation.This is due to the fact that
multimediaprogramshave typically a higherILP thangeneral
purposeapplicationssuch as Spec 2000: althoughthe low
IPC estimatednstructionsare stalledat the issuequeue later
and higher IPC instructionscould have all their operands
available and issued out-of-order if there is sufcient ILP
available. This implies that for this con guration running
mediabenchmarksa coarsemgranularityschemeor a hybrid
static/dynamicheuristiccould yield betterresults.

To presenthow fetch-throttlingsavesresourcesye include
our ndings on the percentagedecreaseof the fetch and
instructionqueueoccupany. For Mediabenchand Spec2000,
on average,the time that the queuesare full is decreased
by 28.6% and 14.7% for fetch; and 17.2% and 7.7% for
issue, respectrely. The averagequeuesize is decreasedy
19.2% and 10.4% for fetch; and 4.1% and 2.0% for issue,
respectiely. Notice that the front-end throttling scheme
decreasethe averagequeueoccupanyg of the back-endssue
gueueaswell.

We now examine the percentageof enegy savings per
processotblock: seeFigure 7. As expected,the block with
the highestoverall savings is the fetch stage.However, note
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that even the issuestagebene ts from fetch-throttling.

C. ComparisorWth a Dynamic-OnlyArchitectual Stheme
We now compare Cool-Fetch to two previously pro-

posed microarchitectural-teel front-end throttling schemes:

Decode/CommitRate (DCR) and Dependence-BasedEP)
heuristicsby Baniasadiet al. [6]. Both DCR and DEP are
also ne-grained schemeshowever they solely rely on dy-
namic information. DCR throttlesfetch when the numberof
instructionspassingthroughdecodeexceedssigni cantly the
numberof instructionsthat commit. As such DCR exposes
a purely dynamic property by inhibiting fetch during branch
mispredictions DEP analyzesthe decodednstructionsevery
cycle andthrottlesfetchif thenumberof dependenciesxceeds
a thresholdof half the decodewidth. Similar to cool-fetch,
DEP is dependeng-basedhowever DEP makes use of run-
time informationwhile Cool-Fetchutilizes only compile-time
information. We implementedDCR and DEP following the
guidelinesin [6]. The performanceesultsaregivenin Figure
8. By contrastwith DCR and DER, Cool-Fetchsubstantially
preseres the original performanceof the applications.The

enegy resultsin Figure 9 indicate that on the average,
Cool-Fetchis asenegy-efcient asDCR. However, for some
applicationssuch as the ADPCM, DCR sares more enegy.
Note that this enegy saszings comesat the expenseof perfor
mancej.e., DCR tradesoff performancdor enegy. Compared
to Cool-Fetch,DEP saves more enegy however tradesoff
performance.

D. SensitivityAnalysis

In this section,we examine the impact of resourceand
controldependenciesn our Cool-fetch.We startwith resource
dependencieand analyzethe effects of cachemisses.Then,
we proceedto anotherresourcedependeng and experiment
with a smaller instruction queuesize. Finally, we test the
impact of using a larger branch predictor and also present
an extendedpipeline experimentwhich is essentiallya test of
control dependenciesinceit ampli es branchmisprediction
penaltiesWe now describethe resultsof eachexperimentin
turn.

One would expect that since our enegy-saving heuristic
dependn a staticapproachgdynamicprogrambehaior such
as cachemisseswould dilute the ef ciency of our method.
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This is not the casefor the testcasesconsideredin Tablell,
we presentthe data cache miss rates for the Spec 2000
benchmarksThe resultsare in agreementvith datagathered
from a recent Spec 2000 cache performanceanalysis[10].
Considerthe very high miss ratesfor the MCF, AMMP and
ART. This suggestshatextractionof availablelLP is affected
by dynamic memoryperformancean thosebenchmarksYet,
as seenfrom Figure 6b, the performancelegradationdueto
our schemefor thoseapplicationsis not worse comparedto
other lower miss-rateapplications.

Benchmark| Rate || Benchmark| Rate

VPR 1.1 PARSER 1.5

MCF 29.2 || AMMP 14.3

ART 16.8 EQUAKE 1.1

GAP 0.3 BZIP2 2.0
TABLE 1l

M 1SS RATES FOR THE BASELINE L1 DATA-CACHE (128K, 4 WAY)

We now presenthe resultsfor more constrainedesources.
In Figure 10, the fetch and instructionqueuesare 8 and 32

instructions respectrely. For the Spec2000 benchmarkswe

againget excellentresults:6.13%enepgy savings with 0.37%
performancepenalty For the Ammp and Bzip2 applications,
we even have a slight performancegain with our compiler

directed throttling heuristic. By fetch-throttling at times of

low-ILP, the branchpredictioncanbe more effective. Indeed,
for thoseapplicationsthe ratio of committedto fetchedin-

structionds higherfor the throttledcon guration. Thisin turn

leadsto slightly increasedperformanceFor the multimedia
applications,we achieze good resultsfor this con guration:

8.5%averageenepgy savingswith a1.3%performanceenalty

To checkthe narrav-issuecase we alsoreplicatedour exper

imentsfor a 4-way issuecon guration, the resultsare similar

and not includedherefor the sale of brevity.

For branchmispredictionswe experimentedwith a larger
and better hybrid branch predictor (64K bimodal + 64K
Gsharewith 64K selector), even though the 2K bimodal
predictorhad good predictionratesfor the selectedSpec2000
benchmarkgwith the exceptionof Equale which hada 77%
rate).Comparedith the unthrottledcasewith the samebranch
predictor con guration, the 2K bimodal predictor resultsin
1.4% averageperformancedegradationand 8% enepgy sav-
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Fig. 10. CompilerIPC-estimationdriven fetch throttling for smallerfetch andinstructionqueues

ings, while the hybrid predictorhas1% performancedegrada-
tion and 7.5% enegy savings.

As discussedefore,we analyzedthe impactof increasing
the pipeline depth to 11. The results are shavn in Figure
11. The deeperpipeline allows an exploration for different
thresholdandduration parameters-igure 11aand 11bshav
the casewith a throttling thresholdof 2 and durationof 1
cycles. Figure 11c and 11d are for a thresholdof 2 and
an expandedthrottling durationof 2 cycles.Figure 11eand
11f shawv the impactof usinga throttling durationof 1 cycle,
but a thresholdvalue of 3. There are interestingtradeofs
here. The 1 cycle throttling duration case gives the least
performancelegradationbut with modestenegy savings. The
2 cycle durationcasehasthe highestenepy savings, however
the performancepenalty is larger, especiallyfor the media
applications.The thresholdof 3 and delay of 1 cycle gives
goodenengy savingsresultswith a smalldropin performance,
clearly this caseis the optimum among the three policies
studied.The throttling durationof 2 cyclesis long for wide-
issue architecturesand requires substantialchangesto the
throttling logic. However, usingthe higherthresholdof 3 with
a durationof 1 cycle requiresminimal changeto throttling
logic andis a bettermatchfor a deeperpipeline.

V. PREVIOUS WORK

Previous analysesof limits of available ILP reportedei-
ther pessimisticor optimistic results. The pessimisticcamp
includesthework of Wall [27], who assumes processowith
perfect memory disambiguation,perfect register renaming,
unlimited fetch bandwidthand a large numberof functional
units. For a wide rangeof benchmarksthis processoachieres
a maximumspeeduf only about7 timesthat of a realistic
baselingprocessorOnthe otherhand,NicolauandFisher [20]
are in the optimistic camp: they report that three digit IPC
valuesare achievablefor someloop-dominatedapplications.

IPC estimationfor superscalaprocessorss in someways
orthogonalto compilerlevel dependencanalysisfor instruc-
tion schedulingin VLIW processors.For VLIW proces-
sors,the compiler staticallyand non-speculatiely determines

dependence-freiastructionsthat arethenbundledinto a long
instruction.The literaturefor VLIW compilersis vast,for the
sale of brevity we refer the readerto Schlanskr et al. [23]
for compilerarchitecturenteractiontechniquesvhich achieve
high levels of ILP in VLIW processorsIPC estimationis
similar to supervord-level-parallelism[14] in the sensethat
it canbe pro table wheninherentILP is scarce.

Enegy reductionthrough ILP monitoring is a fertile re-
searcharea.Most approachesise hardware-basedeuristics
to predict ILP behaior basedon pastpro ling information.
This dynamic-onlyestimationis thenusedto drive athrottling,
gating or resource-resizingnechanismto save enepgy. The
work canbe divided into two broadcateyories:front-endand
back-endmethods.Front-endtechniquesfocus on the fetch
and decodeblock, i.e., the earlier stagesof the pipeline. The
back-endmethods,on the otherhand, utilize the later stages,
i.e., the issuestage.Here,we focuson the front-end.

An early examplefor front-endtechniquess the pipeline
gating work of Manneet al. [17]. The authorsinhibit spec-
ulative execution when such execution is highly likely to
fail. They analyzewhena branchis likely to mispredictand
exclude wrong-pathinstructionsfrom being fetchedinto the
pipeline. Their resultsshav a 38% reductionin wrong-path
executionswith a 1% performancdoss. A more recentwork
by Parikh et al. [21] also examinespower issuesrelatedto
branch prediction. A key obsenation of the paperis that
chip-wideenegy consumptiorcould be reducedoy improving
branchpredictionaccurag evenif thisleadsto spendingmore
power in the branchunit. An alternatve front-end approach
is fetch/decodehrottling by Baniasadiet al. [6]. This ne-
grainedapproachutilizestheinformationpassinghrougheach
pipeline stageto estimatethe ILP. Basedon this information,
the fetch/decodestageis stalledwheninsufcient parallelism
exists. However, as also expressedoy the authors,trafc per
pipeline stageis usedas an indirect, approximate metric of
power dissipation.

To the bestof our knowledge,there have beenno efforts
on incorporating compilerdriven static-only techniquesfor
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Fig. 11. Resultsfor

determininglLP for power and enegy sasings. Marculescu
[18] proposesa dynamic compilerassistedtechnique that
adaptvely selectghe numberof instructionsto be fetchedand
executedin parallel. Sheemplgys a pro le-driven methodol-
ogy to nd the optimal numberof instructionsto be executed
in parallelfor eachbasicblock. However, this requirespree-

ecutionof the programfor n timesto gatherpro ling datafor

Parser Mcf Ammp Art Equake Gap Bzip2

() Spec2000with throttle thresholdof 3 and duration
of 1 cycle

11-stagepipeline.

eachbasicblock, wheren is the maximumavailable fetch or
executionrate. The granularityof the approachs at the basic
block level, consequentlythereis a single fetch and execute
rate per block.



VI. SUMMARY

We have shown in this paperthat compilerdriven static
IPC estimationis a powerful approackfor achiezing chipwise
enegy saiings in superscalarout-of-issue processors.We
reportup to 15% processornepgy savings with Cool-Fetch.
The impact on performanceis minimal and dependingon
the application, the method can even lead to performance
improvementsWe include the power dissipationoverheadof
our techniquen experimentsacrossa wide spectrunmof archi-
tecturalcon gurations.We nd thatthe ef ciency of our static
techniqueis quite stablein the presencesf dynamicprogram
behaior suchas cachemissesandbranchmispredictions.
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